Bacterial biofilms are surface-associated, multicellular, morphologically complex microbial communities [1] [2] [3] [4] [5] [6] [7] . Biofilm-forming bacteria such as the opportunistic pathogen Pseudomonas aeruginosa are phenotypically distinct from their free-swimming, planktonic counterparts [7] [8] [9] [10] . Much work has focused on factors affecting surface adhesion, and it is known that P. aeruginosa secretes the Psl exopolysaccharide, which promotes surface attachment by acting as 'molecular glue' [11] [12] [13] [14] [15] . However, how individual surface-attached bacteria self-organize into microcolonies, the first step in communal biofilm organization, is not well understood. Here we identify a new role for Psl in early biofilm development using a massively parallel cell-tracking algorithm to extract the motility history of every cell on a newly colonized surface 16 . By combining this technique with fluorescent Psl staining and computer simulations, we show that P. aeruginosa deposits a trail of Psl as it moves on a surface, which influences the surface motility of subsequent cells that encounter these trails and thus generates positive feedback. Both experiments and simulations indicate that the web of secreted Psl controls the distribution of surface visit frequencies, which can be approximated by a power law. This Pareto-type 17 behaviour indicates that the bacterial community self-organizes in a manner analogous to a capitalist economic system 18 , a 'richget-richer' mechanism of Psl accumulation that results in a small number of 'elite' cells becoming extremely enriched in communally produced Psl. Using engineered strains with inducible Psl production, we show that local Psl concentrations determine post-division cell fates and that high local Psl concentrations ultimately allow elite cells to serve as the founding population for initial microcolony development.
The extracellular matrix of P. aeruginosa biofilms is composed mostly of exopolysaccharides, proteins and DNA [19] [20] [21] . Biofilms formed by non-mucoid isolates of P. aeruginosa primarily use two types of exopolysaccharide: Psl and Pel
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. To initiate biofilm development, the wild-type strain PAO1 uses Psl to promote adhesion of cells to surfaces 14, 15 . Once associated with a surface, P. aeruginosa can remain fixed at the point of attachment or move. Formation of microcolonies (aggregates of ,50 cells or less) is the first step in the communal organization of a biofilm; however, little is known regarding the transition of individual cells to these discrete microcolonies [3] [4] [5] 23 . Consistent with the role of Psl in surface adhesion 7, 24 , the average surface residence time of a PAO1 DpslD mutant strain (which cannot produce Psl) was 35 6 10% shorter than that of wild type. Tracking algorithms allow us to isolate differences in spatial characteristics of cell-surface interactions, in addition to temporal characteristics such as residence time. We observed a fundamental difference in surface exploration patterns between the wild-type and DpslD strains (Fig. 1a-d and Supplementary Video 1) when we tracked the motility history of all cells in a 67 mm 3 67 mm field of view (.700,000 images of individual cells, 11 h of data, time resolution of 3 s per frame). In Fig. 1a-d , black regions represent 'untouched' surface areas, whereas red regions represent areas visited by bacteria. For wild type, the surface coverage increased slowly to a maximum of ,55 6 5% in 5 h. In contrast, the DpslD mutant covered 79 6 10% in 5 h. These observed differences are not due to differences in growth between strains ( Supplementary Fig. 1 ). To confirm that changes in surface motility, rather than changes in the numbers of bacteria visiting the surface, are responsible for these observations, we also compared wild type and DpslD at the same total number of bacterial visits (that is, the sum of the number of bacteria in all frames, N s 5 P n i , where n i is the number of bacteria in frame i; Supplementary Fig. 2 ). Indeed, essentially the same trend was observed, with a surface coverage of 52 6 4% for wild type at N s 5 124,000 and a surface coverage of 83 6 10% for DpslD at the same N s . These are averages from at least three replicates (Supplementary Methods).
Because Psl is important in both surface motility and adhesion, we characterized its spatial distribution with respect to bacterial trajectories. A TRITC-conjugated, Psl-specific lectin 12 was used to visualize Psl. We allowed wild-type cells to traverse a surface for 2 h before lectin staining and found that a trail of Psl was left on the surface (Supplementary Fig. 3 ). We verified that extracellular DNA 21 was not found in the trails (by staining with propidium iodide (data not shown) and SYTO 9 ( Supplementary Figs 4 and 5) ).
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Fluorescent-lectin- Cell-tracking algorithms and lectin staining were combined to investigate the spatiotemporal aspects of Psl deposition in a manner that accounts for the changing speeds (and, therefore, local residence times) of cells. Figure 1e shows bacterial trajectories between times t 1 (16.3 h after inoculation) and t 2 (18.7 h after inoculation). Figure 1f shows the lectin-stained Psl trails generated in this time period (Methods and Supplementary Fig. 6 ). Surface regions with the brightest fluorescence signals and, hence, the highest local surface concentrations of Psl corresponded to those with the longest bacterial visits. Multiple visits to a surface region by different cells and extended residence times of a specific cell on the same surface region both served to increase local Psl concentration.
We used cell-tracking algorithms to determine the bacterial visit frequency for each surface pixel for the entire community (Methods). A surface visit map (Fig. 2a ) of all wild-type cells within the field of view (Fig. 2b , ,15.7 h after inoculation) shows that a considerable fraction of the surface was never visited. Of the surface areas traversed by bacteria, most were traversed once. In fact, the visit frequency distribution (histogram of the number of pixels with N bacterial visits) was measured to be a monotonically decreasing function of N. The precise form of the function is complex; however, for values of N ranging from a few visits to more than a hundred visits, the distribution is approximately described by a power law with an exponent of 22.9 6 0.1 (Fig. 2c) , which serves as a simple metric for the distribution.
The importance of Psl in determining this global pattern of bacterial surface exploration can be seen in the visit histograms of the DP psl /P BAD -psl mutant strain (strain defined in Supplementary Methods), which uses an arabinose-inducible promoter to control Psl production 25 . As the concentration of arabinose in the growth medium was changed from 0% to 1% (w/v), the visit histograms showed a systematic shift from a more uniform distribution of surface visits (that is, having a steep power-law decay) to a more hierarchical distribution (that is, having a broader range of visit frequencies) (Fig. 2d) , as evidenced by the change in the effective power-law exponent from 23.3 6 0.1 to 21.9 6 0.1, which correspond to low and high arabinose-induced Psl production, respectively. Because the total number of visits is the same for the different curves, a less steep power-law behaviour implies that with increasing Psl concentration the bacterial visits become concentrated in a smaller fraction of the surface. These observations lead us to propose that the higher the Psl concentration for a given surface region, the more likely it is that this region will be visited by more bacteria, causing further local accumulation of Psl and resulting in positive feedback.
Type IV pili (TFP) have a pivotal role in P. aeruginosa surface motility and the power-law exploratory mechanism. TFP can extend considerably from the cell body 26 and assist in 'exploring' surface areas beyond the cellular 'footprint'. We propose that TFP associate with Psl-rich surface regions and pull the cell towards these regions with higher probability. Consistent with this, we show that a DpilA mutant strain, which eliminates TFP-driven twitching motility, results in a drastic reduction of surface exploration ( Supplementary Fig. 7 ). Because cells can secrete Psl as well as associate with Psl, twitching motility effectively promotes positive feedback. Simple track following is just one possible manifestation of this mechanism: cells can approach a given track from any direction. Although such cells can move towards Psl, they do not necessarily reorient themselves tangentially to a given track.
Power-law relationships generally exist only over a limited range in nature and are often difficult to distinguish from other, quantitatively similar relationships. Therefore, rather than concentrating on the approximate power law in the visit frequency distribution and the range over which it is observed, we focused instead on obtaining a deeper quantitative understanding of the processes that generate its functional form. Thus, we performed computer simulations of Pslguided motility of Psl-secreting bacteria using experimentally measured parameters to test stringently the quantitative interplay between progressive Psl secretion, surface motility and the idea of surface exploration guided by positive feedback.
Bacteria were modelled as non-overlapping line segments in a two-dimensional domain that, when unbiased by Psl, move according to a velocity distribution extracted from the experimental data for DP psl /P BAD -psl at 0% arabinose. In each step, a fixed amount of Psl was secreted and the bacterial displacement was biased by the local Psl distribution. The bacterial concentration and dimensions as well as the sampling rate were all chosen in accordance with the experimental parameters (Supplementary Methods). The simulations captured the complex distributions from experiments, in both the power-law regime and beyond (Figs 2e and 3c) , including the dependence on Psl. The simulated visit frequency distributions exhibited a powerlaw behaviour that agrees quantitatively with the tracked microscopy data. This is a striking confirmation of the role of Psl-biased motion as the underlying mechanism, because unbiased motion would give rise to non-localized, random-walk-type behaviour. As the Psl production rate was increased for both experiments (Fig. 2d) and simulations (Fig. 2e) , the exponents increased over the same numerical range, from 23.1 to 21.8, confirming the shift to more hierarchical distributions in which the number of highly visited sites increased at the expense of many of the rarely visited sites (Fig. 2f-h) . Likewise, both the lectin-stained a, Visit frequency map of wild type for the first 15.7 h after inoculation, when microcolonies were just starting to form (example outlined by black square). b, Bright-field image for wild type at t < 15.7 h. c, Visit frequency distribution from a. The solid line shows a power-law decay with exponent 22.9. The green arrow indicates where the curve begins to deviate from this power law. d, Visit frequency distributions for DP psl /P BAD -psl at arabinose concentrations of 0% (triangles), 0.1% (squares) and 1% (circles). e, Simulation results of visit frequency distributions at Psl deposition rates of 0 (asterisks), 10 25 (pluses), 5 3 10 25 (crosses) (arbitrary units; see Supplementary Methods). In d and e, each data set is normalized by the total number of visits (roughly the same as for a) and solid lines show power-law decay, labelled by exponent. f, Schematic graph showing that distributions with steep slopes are more egalitarian, whereas those with shallow slopes are more hierarchical. g, h, Fitted power-law exponents of visit frequency distributions from experiments at different arabinose concentrations (g) and simulations at different Psl deposition rates (h). i, A lectin-stained image showing hierarchical distribution of Psl (DP psl /P BAD -psl at 1% arabinose). j, Psl map from simulations (Psl deposition rate, 5 3 10 25 in dimensionless, arbitrary units (a.u.)). Scale bars, 10 mm.
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Psl image observed in experiments (Fig. 2i ) and the simulated Psl map (Fig. 2j) showed the hierarchical nature of the spatial distribution of Psl.
Power laws (such as Zipf's law 17, 18 or its continuous generalization, Pareto distributions) are known to describe self-organized systems like the wealth distributions in capitalist economies 18 . We found that bacteria are guided by synergistic rich-get-richer mechanisms. Both simulations and experiments indicate that the ability of P. aeruginosa to secrete Psl and its tendency to associate with Psl result in an exploratory strategy by which cells go where other cells go most often. (The range of exponents we observe here for bacteria is essentially the same as for income distributions 27 .) This strategy results in a small number of cells being positioned at locations that are extremely enriched in communally produced Psl. This arrangement provides the conditions necessary for microcolony growth. Notably, these effects persist even when we completely turn off cell division in computer simulations, which indicates that the distribution of cells is a consequence of their exploratory strategy rather than of growth.
We examined the behaviour of bacterial communities beyond the power-law exploratory phase to show how growth can amplify differences in cell density on the surface caused by exploration. We found that high local Psl concentrations resulted in discrete microcolonies that exhibit localized exponential growth rather than delocalized surface exploration. For data on wild type (Fig. 2a-c) , the power-law behaviour persisted only in the initial exploratory phase when there were no microcolonies. In fact, small deviations from the power law can be observed in the lower right portion of Fig. 2c (green arrow) , which corresponds to highly visited areas with the highest local Psl concentrations. To examine community behaviour near high Psl concentrations, we examined the DP psl /P BAD -psl mutant that overproduces Psl in the presence of 1% arabinose (Psl11). The bacterial visit frequency map for the Psl11 cells was significantly different from that of wild-type cells (Fig. 3a) . Compared with Fig. 2a , there are far fewer tracks leading into and out of the cellular aggregates in Fig. 3a , implying that few cells joined or departed from these aggregates. The regions of highest numbers of bacterial visits in the map fully correlate with the existence of microcolonies of closely packed bacteria in the bright-field image (Fig. 3b) . The cell densities in the highly visited areas were more than three times higher than the average cell density on the surface. Moreover, the Psl11 cells formed microcolonies earlier than did the wild-type cells. Notably, owing to microcolony formation, a portion of the visit frequency distribution is described by an exponential rather than a power law in both experiments and simulations (Fig. 3c) .
We used cell tracking to show that the exponential growth which enables localized microcolony formation is ultimately rooted in how local Psl concentrations determine post-division cell fates. We distinguished three possibilities: the post-division cells both stay near the division event, both leave (see definitions of 'stay' and 'leave' in Supplementary Methods) or one cell stays and the other leaves. Figure 3d shows the probabilities of these cell fates observed for wild type, Psl11 and DpslD. The probability of both cells staying for the Psl11 mutant was approximately three times as high as for wild type. In contrast, the probability of both cells staying for the DpslD mutant strain was essentially zero. In fact, the fraction of total population growth due to cell division (as opposed to motile cells joining the microcolony, cells attaching from solution and so on) was ,85% for the Psl11 mutant, which directly leads to an exponential visit distribution ( Supplementary Fig. 8 ). We traced the division lineage of cells in developing microcolonies (Fig. 3e) . The Psl11 microcolony was derived mostly from a single lineage, consistent with our proposal that such cells primarily divide and remain in the same area owing to the high local Psl concentrations. In contrast, the wild-type microcolony developed from many cell lineages as a result of the initial power-law exploratory phase. (More examples can be found in Supplementary  Figs 9 and 10 .) These data strongly support our rich-get-richer model for microcolony formation.
The results presented here quantitatively show the key steps important for the transition from surface attachment and surface exploration to microcolony formation: the evolving distribution of Psl on a solid surface provides a mechanism for bacteria to self-organize socially, resulting in a rich-get-richer power-law distribution of visit frequencies and a hierarchical distribution of Psl concentrations on the surface. This in turn results in a small number of aggregated cells becoming highly enriched in Psl, which enables them to serve as the founding population for localized exponential growth and the formation of microcolonies that ultimately evolve into the mushroom-like 'stalks-and-caps' morphology of mature biofilms [4] [5] [6] .
METHODS SUMMARY
Wild-type P. aeruginosa strain PAO1 28 and its isogenic mutants DpslD, DP psl / P BAD -psl 14 and DpilA were used in this study. The growth rates of the strains are nearly identical (to within measurement error; Supplementary Fig. 1 ). For DP psl /P BAD -psl, arabinose was used to control Psl production 14 . FAB medium RESEARCH LETTER with 0.6 mM glutamate was used for flow cell experiments, which were conducted at 30 uC with a flow rate of 3 ml h
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. Flow cells were assembled as previously described 30 . The flow was stopped for bacterial inoculation and 20 min of incubation, and then resumed with the initiation of image recording.
Images were made with an Olympus microscope. Bright-field images were recorded every 3 s. Each data set, which had 18,000-48,000 frames, contained up to 1,000,000 bacteria images. Psl was stained with 100 mg ml 21 TRITC-labelled Hippeastrum hybrid lectin from amaryllis 12 . The image size was 67 mm 3 67 mm (1,024 3 1,024 pixels) .
In simulations, line segments (representing bacteria) moved within a square surface window with periodic boundary conditions. Each bacterium moved with fixed step size at a variable angle deviating from its cell body axis according to distributions drawn from experiments, and deposited Psl at its centre at a tunable rate. This Psl in turn modified the bacterial motion through Psl-concentrationbased biasing. In addition, random reorientations happened at a prescribed rate in accordance with the bacterial mean square displacement from experiments, influenced by Psl. The total simulation time was chosen such that the final visit count was the same as in experiments.
Full Methods and any associated references are available in the online version of the paper.
